The desC gene for the acyl-lipid ∆9-desaturase from the thermophilic cyanobacterium Synechococcus vulcanus was introduced into Nicotiana tabacum under control of the 35S promoter. Expression of the desaturase was confirmed by Western blotting. Lipid analysis revealed that lipid content and the extent of fatty acid unsaturation significantly increased in leaves of transgenic plants. Chilling tolerance of those plants also increased, as estimated by the electrolyte leakage from the tissues damaged by cold treatments. Seeds of plants that expressed the desC gene imbibed at low temperatures demonstrated higher chilling tolerance than those of the control plants. The results demonstrate that the cyanobacterial thermophilic acyl-lipid desaturase was efficiently expressed in tobacco at ambient temperatures, and its expression resulted in the enhanced chilling tolerance of the transgenic plants.
Low-temperature photoinhibition is one of the major factors that limit productivity of plants. It has been shown that low temperatures cause a decrease in the fluidity of biological membranes (Murata and Los 1997) . The capability of cells to acclimate to cold is determined by their ability to synthesize the unsaturated fatty acids that fluidize the lipid bilayer and prevent lipids from cold-induced phase separation (Macartney et al. 1994 , Nishida and Murata 1996 , Murata and Los 1997 .
Fatty acid desaturases are the enzymes that introduce double bonds into fatty acids and, therefore, provide the membrane lipids with enhanced molecular motions at low temperatures (Los and Murata 1998) . In higher plants, there two major types of fatty acid desaturases: soluble acyl-ACP desaturases that introduce double bonds into the acyl chains bound to ACP, and membrane-bound acyl-lipid desaturases that introduce double bonds bound to the acyl chains esterified to glycerol backbones (Murata and Wada 1995 , Los and Murata 1998 , Los and Murata 1999 . It was supposed previously, that plant cells have only soluble palmitoyl-and stearoyl-ACP desaturases that introduce the first double bond at ∆ 9 position of the unsaturated fatty acids, and thereafter, the acyl-lipid desaturases introduce additional double bonds. However, a new family of the enzymes similar to the acyl-lipid ∆9-desaturases was recently found in plant cells (Fukuchi-Mizutani et al. 1995 , FukuchiMizutani et al. 1998 . It is now evident that the first double bond at ∆ 9 position, which has the major "fluidizing" effect on fatty acid chains, may be introduced into the fatty acids in their lipid-bound form. Moreover, the effective expression and activity of the heterologous acyl-lipid ∆9-desaturase has been demonstrated in plants that resulted in the enhanced cold-tolerance of the transformants (Ishizaki-Nishizawa et al. 1996) .
Here we describe the introduction to tobacco of the gene for the acyl-lipid ∆9-desaturase of the thermophilic cyanobacterium Synechococcus vulcanus (Kiseleva et al. 2000 ), and we demonstrate that the expression of this gene leads to the enhanced chilling tolerance of plants.
The expression of the desC gene in tobacco was investigated by means of Northern and Western blotting (Fig. 1) . All plant lines transformed with pGA-SVF displayed the specific signals on gel blots suggesting that the desaturase gene was correctly transcribed and translated.
The enzymatic activity of the desaturase was investigated by the comparison of the profiles of fatty acids in leaves of control and transformed plants ( Table 1 ). Transformants that express the desC gene were characterized by enhanced growth rate (not shown) and by higher lipid content if compared with control plants (Table 1 ). The index of fatty acid unsaturation was about four times higher in plants that express the desC gene. The detailed analysis of fatty acid composition in the control and transformants with the desaturase revealed that the levels of the major saturated acids, 16 : 0 and 18 : 0, significantly decreased in the latter, whereas the levels of the di-and tri-unsaturated fatty acids increased (Table 1 ). The amount of monounsaturated 16 : 1 did not change and the amount of 18 : 1 increased 3-fold. That might be a result of further desaturation of the monounsaturated fatty acids by the ∆12-and ω3-desaturases that introduced a second and third double bonds into monounsaturated acyl chains. The increase of the C18/C16 ratio and an increase in absolute amounts of the C18 fatty acids in the leaves of the transformant plants may be explained by the enhanced activity of the fatty acid synthase II that might be induced due to consumption of stearic acid by the actively expressed ∆9-desaturase. In S. vulcanus, the substrate for the ∆9-desaturase was mainly stearic (18 : 0), but not palmitic (16 : 0) acid (Kiseleva et al. 1999) . Such specificity might explain the predominant desaturation of C18 fatty acids in transgenic tobacco.
Thus, these results demonstrate that the thermophilic cyanobacterial desaturase introduced into tobacco was actively expressed and caused significant alterations in membrane lipids of leaves toward the increase of the fatty acid unsaturation.
Previously we demonstrated that the desaturase of the thermophilic S. vulcanus (which has the optimum growth temperature of 55°C) is induced and maintains its activity at moderate temperatures, such as 30 or 20°C (Kiseleva et al. 1999 , Kiseleva et al. 2000 . It is possible that this enzyme is also active at lower temperatures.
Chilling sensitivity of the transformed plants was tested by estimation of index of injury of plant leaf tissues measured by means of conductivity of the electrolytes that were released from temperature-damaged tissues into water extracts. As shown in Table 2 , the control plants were more sensitive to chilling than plants expressing the desC gene. It was repetitive in different lines of transformants, and it applied to the original lines F 0 and to the next generation of plants F 1 . At moderate low temperatures, such as 2°C, index of injury in control plant tissues reached 50%, whereas in the transformants with the desC gene it was at a range of 10-20%. At zero degrees, it reached 90% in control and only 50% in the desC transformants. Negative temperatures caused a more dramatic decrease in the index of injury in both types of plants. However, incubation of plants at -5°C for 30 min (when no ice nucleation was observed), the index of injury of control plants was about 50%, whereas that of the desC-transformants reached 30%. Incubation for 60 min (allowed ice nucleation) caused a decreased index of injury up to 95% in control plants, and up to 75% in the desC-transformants. All these data show that the transgenic lines which express the acyl-lipid ∆9-desaturase were more resistant to chilling than control plants with no additional desaturase.
The genetically engineered alterations in fatty acid composition in tobacco have been previously reported (IshizakiNishizawa et al. 1996) . Expression of the non-specific acyllipid desaturase of the mesophilic cyanobacterium Anacystis (Ooms et al. 1982) . The desC gene was excised from pSV-F (Kiseleva et al. 2000) with restriction endonucleases KpnI (K) and XbaI (X) and cloned into the corresponding sites of the plasmid pRT103 (Gynheung 1987) . The cassette that contained the 35S promoter, the desC, and polyA was excised from pRT103 with HindIII (H), and subcloned into pGA482 (Topfer et al. 1987) . LB and RB represent left and right borders of pGA482. Leaf explants of 30-day-old N. tabacum cv. Samsun plants were cut into peaces of 1 cm 2 that were incubated in MSD4×2 medium for 3 d, and they were transformed with pGA-SVF using a standard protocol. "Control" plants were obtained by transformation with the empty binary vector pGA482. Selection of the transformants was done on the MSD4×2 medium supplemented with kanamycin at 100 mg liter -1 and cephatoxim at 300 mg liter -1 . Northern-blot (B) and Western-blot (C) analysis of the expression of the desC gene in transgenic plants. C, control plants transformed with pGA482; L1, L3, L5, and L10 represent independent lines of the transgenic plants that express the desC gene. Radioactively labeled DNA fragment from pSV-F was used for Northern blotting, and specific antibodies against the Cterminal part of the desaturase (Kiseleva et al. 2000) were used for Western blotting. nidulans in tobacco chloroplasts resulted in the reduction of the amount of saturated fatty acids in thylakoids and lead to higher tolerance of transgenic plants towards low temperature, such as 4°C (Ishizaki-Nishizawa et al. 1996) . Attempts have been made to increase and decrease the level of α-linolenic (18 : 3) acid by overexpression of sense and anti-sense mRNAs of the microsomal ω3-desaturase (Hamada et al. 1996 , Murakami et al. 2000 . The increase of 18 : 3 did not alter chilling tolerance of the transgenic plants (Hamada et al. 1998 ). However, those transformants did not show any increase in mono-and diunsaturated fatty acids, that are thought to be the main determinants of the ability of cells to tolerate low temperatures (Tasaka et al. 1996, Los and . Our transgenic plants displayed 4-fold increase in unsaturation index, and the signifi- Fig. 2 Tests of seeds for cold tolerance. Seeds were sterilized with commercial bleacher for 3 min and washed with sterile water. Seeds were separated into two groups, one of which was incubated in water at 22°C temperature for 6 h, and another was incubated at zero degrees for 6 h. Seeds were transferred onto agar plates with MC medium (Murashige and Skoog 1962) , incubated in the dark at 4°C for 48 h, and transferred into the incubators at 22°C with a light period of 16 h and dark period of 8 h. Table 2 Index of injury of leaf tissues of the transgenic plants that were incubated at low temperatures
Chilling sensitivity of the transformed plant was tested by measuring the electric conductivity of water extracts of plant tissues (Hepburn et al. 1986 ). 80 mg (FW) of leaves from plants incubated at 2°C, 0°C, or -5°C, were placed in glass tubes containing 10 ml of distilled water, and the excess of air was removed from the tubes by vacuum pressure. Closed tubes were incubated in a shaker for 1 h to ensure the leakage of ions from the cells into water phase. Water extract was placed into the measuring unit equipped with flat platinum electrodes of 1 cm 2 each. Capacitance of the extracts was measured with the currency bridge R577 (Russia). Then the tubes were incubated in a boiling water bath for 10 min, shaken for additional 30 min, and the capacitance was measured again. Electric conductivity was calculated as reverse value of capacitance (Om
). The index of injury (I) was calculated according to the equation I = (L t /L k )×100, where L t is the conductivity of a sample after the cold treatment, and L k is the conductivity of a sample after boiling. The index of injury represents leakage of electrolytes from the damaged tissues as percent of the leakage from the tissues completely destroyed by boiling (100%).
Transgenic plant lines
Index of injury 2°C for 24 h 0°C for 24 h -5°C for 30 min (no ice nucleation) -5°C for 60 min (ice nucleation)
cant rise in the amounts of mono-, di-, and tri-unsaturated fatty acids (Table 1) . That might explain the appearance of the chilling-tolerant phenotype in the transgenic plants expressing the desC gene. Some transgenic plants that expressed the desC gene were planted in a greenhouse, and the seeds were obtained from them. The tolerance of seeds to low temperatures was examined during imbibition. Fig. 2 shows the germination of seeds after imbibition at 22 and 0°C for 2 h. When imbibition was allowed to proceed at 22°C, the frequency of germination of both types of seeds reached 92-97%. By contrast, at 0°C the frequency of germination of control seeds was 56%, whereas that of the desC-expressing plants was estimated at the level of 91%.
Taken together, the results of this study demonstrate that the thermophilic acyl-lipid ∆9-desaturase was expressed in transgenic tobacco and converted stearic acid (18 : 0) to oleic acid (18 : 1), thus providing the substrate for further synthesis of di-and tri-unsaturated fatty acids. The increase in the amount of polyunsaturated fatty acids in the membrane lipids resulted in higher chilling resistance of transgenic tobacco plants and their seeds.
